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Abstract
Since being built in 1990, the rhizotron facility in Wageningen, the Wageningen Rhizolab, has been used
for experiments on crops (e.g. Alfalfa, Brussels sprouts, common velvet grass, ﬁeld bean, fodder radish,
leeks, lupins, maize, potato, beetroot, ryegrass, spinach, spring wheat, winter rye and winter wheat). In
the experiments, horizontal glass minirhizotron tubes combined with auger sampling were used to assess
rooting characteristics. For this paper we took the root data from these experiments and looked for a
general relationship between thermal time/time after planting and rooting depth, the velocity of the root
front and root proliferation. For certain depths (ﬁxed by the depth at which the horizontal minirhizo-
trons were installed) a simple linear regression was established between the average root number per cm2
minirhizotron surface area and thermal time after planting. The compartments selected for each crop
were those in which there had been a control treatment and/or in which conditions for rooting were con-
sidered to be optimal. We performed regression analyses per compartment and per depth, but only for
the period after planting in which a linear increase of root numbers vs. thermal time was observed. After
averaging the results, the regression procedure yielded two parameters of rooting for each crop: (a) the
actual or thermal time at which the ﬁrst root appeared at a certain depth and (b) the root proliferation
rate after the ﬁrst root had appeared. In this way, inherent crop diﬀerences in rooting behaviour (root-
ing depth and root proliferation) became apparent. For each crop, the ‘velocity of the root front’ after
planting could be established (calculated in cm (C day))1). This parameter diﬀered greatly between
crops. Some crops (such as leeks and common velvet grass) explored the soil proﬁle slowly: the root
front moved at a velocity of only 0.07 cm (C day))1. Among the crops whose roots grew down much
faster (0.18–0.26 cm (C day))1) were cereals and fodder radish. For a day with an average temperature
of 15 C these rates would have corresponded with the root front travelling approximately 1–4 cm per
day. In the crops studied the root front velocity did not correlate with the root proliferation rate.
Introduction
There are various reasons why knowledge about
rooting characteristics such as rate of root prolifer-
ation and rooting depth is crucial if the eﬃciency
of modern cropping systems is to be optimised:
–Water availability determines crop performance,
particularly in environments where water supply
is variable and limiting. Given that a crop’s abil-
ity to extract water depends largely on the depth
and uniformity of its root system (Dardanelli
et al., 1997), root penetration rate and rooting
depth are factors to consider when selecting a
crop that will eﬀectively use the reserves of water
in the soil (Stone et al., 2001). Crops whose roots
penetrate the soil fast and deeply are better able* FAX No: +31(0)317 423110; E-mail: bert.smit@wur.nl
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to avoid drought because they can use water
from deeper soil layers.
– Nutrient availability and crop performance are
related to rooting in more or less the same way
as water availability. The volume of soil a
crop’s roots can explore and exploit for nutri-
ents depends largely on the crop’s rooting
depth and rooting intensity, especially if the
soil nutrients are immobile.
– A ﬁnal point is the direct relationship between
rooting characteristics and nutrient use eﬃ-
ciency. The undesired leaching of nitrogen to
groundwater is especially likely to occur in pro-
ﬁles with a coarse sand texture and with a shal-
lower rootable depth (Bowman et al., 1998). In
this situation, rooting depth seems more impor-
tant than rooting intensity, as low rooting den-
sities (1 cm cm)3) are suﬃcient to take up the
crop’s daily nutrient requirements (de Willigen
and van Noordwijk, 1987).
Smit et al., (1995) and Smit and Zuin (1996)
concluded that the main reason for the low nitro-
gen use eﬃciency of leeks was not the low root-
ing intensity of this crop but the shallow rooting
in combination with periods of low rates of
nitrogen uptake. Indeed, it is precisely the root-
ing depth potential that is important for the suc-
cess of the nitrogen catch crops used to prevent
the residual nitrogen from a previous crop being
leached out in the winter (Thorup Kristensen,
1993a, 2001). On the basis of simulation experi-
ments, Thorup Kristensen and Nielsen (1998)
concluded that the eﬀect of catch crops on the
nitrogen availability for the following crop also
depends on the following crop’s rooting depth.
Rooting depth can be considered as an inher-
ent crop characteristic. Some crops (leeks, spin-
ach) root shallowly, others (sugar beet, wheat,
etc.) root deeply. However, the rooting depth of
an individual crop can be inﬂuenced strongly by
local conditions. Examples of local soil factors
that aﬀect rooting depth (and thus nitrogen
leaching, nitrogen use eﬃciency, etc.) for a spe-
ciﬁc site are soil compaction or bulk density
(Dracup et al., 1992; Unger and Kaspar, 1994),
and soil pH (Rechcigl et al., 1987).
During the ﬁrst 10 years of operation of the
Wageningen Rhizolab, root data were collected
in experiments with various crops that examined
a variety of research questions, ranging from the
eﬀect of enhanced levels of CO2 on root growth
to the eﬀect of nematodes on crop growth and
nutrient uptake. In this rhizotron facility, crops
are grown in compartments that have been ﬁlled
by hand as uniformly as possible and at a speciﬁc
bulk density. The root development in most of
the compartments can be assumed to indicate the
root development that would occur in conditions
where the crop has no constraints to rooting
(potential rooting pattern). For a detailed
description of the experimental conditions in the
rhizotron facility, see Smit et al. (1994).
The data presented in this paper can be used
to calibrate or validate the various types of mod-
els for simulating root growth (see Asseng et al.,
1997). Many of these model root growth by ﬁrst
calculating potential root growth (the root
growth achieved under optimal conditions) and
then applying correction factors for factors con-
straining rooting, such as pH, bulk density, water
table, water availability and nutrient availability.
For example, Heinen et al. (2003) described root
growth by a diﬀusion equation with a diﬀusion
coeﬃcient D, and proposed to simulate the eﬀect
of wet or dry regions on root growth by making
the diﬀusion coeﬃcient a function of pressure
head of the soil with a simple reduction factor.
An approach to root growth that takes more
account of plant physiology (based on the func-
tional equilibrium between shoots and roots) has
been incorporated in models in which root
growth is dependent on the carbon supply to the
roots (e.g. Asseng et al., 1997). Both approaches,
however, need benchmark data on root growth
under optimal conditions, so that the inﬂuence of
factors constraining root growth can then be cal-
culated.
Roots are crucial in crop models simulating
water movement or nutrient transport (including
leaching). For example, after analysing the sensi-
tivity of the STICS crop simulation model, Ruget
et al. (2002) concluded that yield depended on all
the modules (shoot, soil and rooting modules)
whereas other outputs (e.g. water uptake, drained
water and leached nitrogen) depended mainly on
the water balance and rooting modules. In gen-
eral, therefore, a reliable prediction of the spatial
distribution of root growth in time seems crucial
for modelling water and nutrient uptake and
nutrient transport.
Using data from the Wageningen Rhizolab on
various crops we investigated potential and
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actual rooting depth as a function of actual and
thermal time, as well as root proliferation as a
function of thermal time and depth. The data we
present can be used to improve models to predict
root growth under various conditions. But even
without using models, the data can be used to
predict how fast a speciﬁc crop can explore the
soil proﬁle with respect to water and nutrient
uptake. Furthermore, the information in this arti-
cle on rooting will be helpful when developing
environmentally friendly fertilisation strategies
such as split nitrogen applications and placement
of nitrogen, especially in the case on soils prone
to leaching, where rooting characteristics can
aﬀect nitrate leaching.
Materials and methods
The Rhizolab facility
The Wageningen Rhizolab, a rhizotron facility,
was set up in 1990 (Van De Geijn et al., 1994). It
consists of two rows, each with eight below-
ground compartments aligned along a corridor.
When it starts raining, a shelter automatically
covers the experimental area. The compartments
are 125 cm by 125 and 200 cm deep. On four
compartments a transparent enclosure allows
that canopy photosynthesis, respiration, and
transpiration can be measured. The root data we
used are from experiments with repacked soil.
The compartments were ﬁlled by hand, and com-
pacted layer by layer (5 cm) to a bulk density of
approximately 1.3–1.4 g cm)3 throughout the
proﬁle. In most experiments the proﬁle of the
compartments consisted of a metre of humic
sandy soil (1.5–4% organic matter), overlying a
metre of coarse sand (with no organic material)
that roots did not penetrate. In some experiments
the humic part of the proﬁle was only 60 cm
deep.
Experiments
Table 2 presents the following information for
each experiment (grouped by crop): date of
planting, date of harvest, elapsed # of days and
thermal time until harvest, plus brief details of
the experimental treatments. Data from experi-
mental treatments that inﬂuenced the rooting
pattern (e.g. drought, CO2 concentration, nema-
tode infection) were excluded from this study;
instead, only data from the control treatments
were used. Table 2 gives information about the
conditions in these control compartments.
Table 2 also gives details of any available refer-
ences that contain more experimental details and
results.
From the planting and harvesting dates and
the thermal time that had elapsed by the end of
the experiments it is clear that normal growing
periods occurred in most experiments and that
crops were allowed to grow until mature or until
a normal yield had developed. Only the maize
experiments focused on nitrogen uptake in the
early stages of crop development and were there-
fore harvested early.
Observations
Root number. Roots in the Wageningen Rhizo-
lab were observed using two methods: (a)
non-destructive, using horizontal, glass minirhi-
zotrons at intervals of 14 days between observa-
tions; (b) destructive sampling using augers on
three dates in the season (Smit et al., 1994).
Here, we present the data collected with mini-
rhizotrons, per depth, as the number of roots
per cm2 of the glass surface of the minirhizo-
tron. This is the average root number observed
in approximately 35 images (18 · 13 mm each)
taken at the top of the minirhizotrons. For fur-
ther details on observation protocol and the
relationship between the number of roots per
cm2 minirhizotron surface and the root length
density (in cm cm)3) as assessed with auger
sampling, see Smit et al. (2000b, 1994). If it is
assumed that the direction of root growth is
random, the volumetric root length density
(Lrv,z, in cm cm
)3) at depth z can be estimated
(Melhuish and Lang, 1968) from the number of
roots cm)2 (Nr,z) at that depth as:
Lrv;z ¼ 2Nr;z ð1Þ
This relationship is generally valid for most of
the root data collected in the Rhizolab, but is
not always valid for all stages of crop growth
(Smit et al., 1994). See also Table 1.
Root proliferation (increase in root number). In
most experiments the minirhizotrons were at
depths of 5, 10, 15, 20, 30, 45, 60, 80 and
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100 cm, and each tube was observed at 14-day
intervals. For each observation series (depth per
compartment) we assessed the period after plant-
ing in which the increase in Nr,z was more or less
linear. For each depth z we recorded the number
of roots at the end of this linear phase (Nr,z, el)
and performed a linear regression on root num-
bers vs. thermal time (base temperature 0 C).
Thermal time was used to allow a better compar-
ison between and within years. The explained
variation was usually well above 95%. The slope
of the regression line reﬂects the increase in root
number at depth z (DNr,z,l) after the ﬁrst roots
had reached that depth, i.e. the root proliferation
at that depth.
In most cases, the roots proliferated more
slowly after the linear phase, until a maximum
(Nr,z,m) was reached. Root number then
decreased – especially at shallower depths – due
to root die-back. However, deeper in the proﬁle
the root number usually achieved a maximum at
the end of the experiment.
Thermal time needed for roots to arrive at a
certain depth (Tr,z,0). Using the regression equa-
tions of root number (y) vs. thermal time (x)
mentioned above we calculated the intercept with
the x-axis. For a certain depth–crop combination
this intercept (Tr,z,0) can be considered as the
thermal time at which the ﬁrst roots (the ‘root
front’) arrived at that particular depth.
Thermal time needed for a root number of
0.5 cm)2 (Tr,z,0.5). The regression equations
allowed us also to estimate the thermal time
needed at a certain depth to arrive at a Nr,z of
0.5 cm)2 (Tr,z,0.5). This value of 0.5, assuming
equation (1) is applicable, would correspond to a
volumetric root length density (Lrv,z) of 1.
According to de Willigen and van Noordwijk
(1987), at this particular root length density the
root length would not limit nitrogen uptake for
most conditions. The shorter the period from
planting to Tr,z,0.5 the shorter the period that
roots would constrain nutrient uptake at that
depth, which is an important characteristic for
most plant species grown as crops. It must be
kept in mind that this paper focuses on the per-
iod after planting in which the increase in root
number with thermal time is more or less linear.
The calculated regression equations were used for
prediction within this linear phase, but should
not be used for extrapolation to later stages, as
the results would be unreliable.
‘Root front’ velocity. Finally, for each crop we
performed a separate linear regression between
depth (z) and the average thermal time the ﬁrst
roots arrived (Tr,z,0) at that depth. For nearly all
crops this relationship was linear. The slope of
the regression line reﬂects the velocity of the
‘root front’ (in cm (C day))1).
Statistical aspects. In most of the crops, using
data from the control compartments resulted in a
number of independent replicates (see column 2
of Table 2). We calculated the average and stan-
dard deviation of observations (maximum root
number, DAP when ﬁrst roots arrived, etc.) for
each crop and each depth.
Table 1. Details of symbols used
Description Dimension
Lrv Volumetric root length density cm cm
)3
Nr,z Number of roots per cm
2 minirhizotron surface at depth z cm)2
Nr,z,el The number of roots per cm
2 minirhizotron surface at the end of the
linear phase (root number vs. thermal time) at depth z
cm)2
Nr,z,m The maximum number of roots per cm
2 minirhizotron surface during
the experiment at depth z
cm)2
Tr,z,0 Thermal time after planting at which the ﬁrst roots arrive at depth z
(= intercept at the x-axis when Nr,z (y) is regressed on thermal time (x))
C day
Tr,z,0.5 Thermal time after planting at which root number was 0.5 cm
)2
minirhizotron surface at depth z
C day
DNr,z,l the rate of increase of root number with thermal time at depth z
(in the linear phase)
(C day))1
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Using the regression coeﬃcients for root num-
ber vs. thermal time we calculated Tr,z,0 and
Tr,z,0.5 for each depth–compartment combination,
averaged over compartments and calculated the
standard deviation. The latter reﬂects the varia-
tion between compartments (replicates) and is
indicated in Table 3 and Figures 3 and 4. The
goodness of ﬁt of the linear regression procedure
is reﬂected in the coeﬃcient of determination
(r2), also averaged for each crop–depth combina-
tion.
Results and discusssion
As an example, root data from one of the com-
partments of experiment 5 are presented in Fig-
ure 1. This experiment investigated the eﬀect of
higher ambient CO2 concentrations in the atmo-
sphere (see Table 2 for more details). For four
depths, Nr,z has been plotted against time (Fig-
ure 1a) and against thermal time (Figure 1b).
Figure 1b shows that for all depths the increase
in root number was linear at least until a value
of 0.7 cm)2.
Figure 2 then visualizes the regression proce-
dure for four selected depths in this compart-
ment. For each depth in each compartment the
regression equation yielded a slope (=DNr,z,l)
and intercept with the y-axis. The average of the
coeﬃcients for the available compartments is pre-
sented in columns 4 and 5 of Table 3, together
with the average coeﬃcient of determination (r2,
column 6).
Table 3 also shows the time the ﬁrst roots
arrived at each depth, in days after planting
(DAP, column 7); thermal time and time in
DAP at maximum root number at that depth
(columns 8 and 9, respectively) and the maxi-
mum root number (column 10). In the following
paragraphs the diﬀerences between crops for
these rooting characteristics will be presented
and discussed.
Maximum root number
There are large diﬀerences in maximum root
number between crops: common velvet grass
shows extremely high maximum root numbers in
the upper soil layers (up to 30 cm)2), but even atT
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b
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Figure 1. The number of roots per cm2 at 5, 15, 80 and 100 cm depths for the control compartment of experiment 5 (spring wheat,
see Table 2) as function of time (a) and thermal time (b).
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Figure 2. The number of roots per cm2 minirhizotron surface as function of thermal time (restricted to the linear phase of develop-
ment) for spring wheat at 4 depths: 5 cm (a), 15 cm (b), 60 cm (c) and 100 cm (d).
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a depth of 60 cm rooting is very intensive com-
pared to crops like ﬁeld bean, leeks and fodder
radish. Brussels sprouts show large root numbers
in the top 10 cm of the proﬁle and a very homo-
geneous rooting in the rest of the proﬁle to a
depth of 100 cm. Potatoes ultimately developed
intensive rooting in the upper part of the proﬁle
(until 40 cm) but at greater depths rooting was
less than 1 root cm)2.
Rooting depth and root proliferation rate
As the maximum root number at each depth
does not give much information on the dynam-
ics of rooting (i.e. how fast a crop can explore
the soil proﬁle) we have plotted the thermal
time associated with Nr,z,0 and Nr,z,0.5 against
depth for most crops (Figures 3 and 4). In these
two Figures the thermal time at the end of the
linear stage of root number increase (Nr,z,el)
and at maximum root number Nr,z,m. are
also indicated.
Figure 3a (Brussels sprouts) shows that not
until approximately 500 C day do the ﬁrst roots
arrive at a depth of 60 cm; the ﬁrst roots reach
100 cm after 800 C day. For nearly all crops the
relationship of Tr,z,0 with depth was linear (the
regression equation is indicated in the graph).
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Figure 3. Thermal time after planting at ‘ﬁrst roots visible’ (Nr,z,0, d), at root number ¼ 0.5 cm)2(Nr,z,0.5, ¤), at end of linear
phase of root number increase (Nr,z,el, m) and at maximum root number observed (Nr,z,m, n) vs. depth for Brussels sprouts (a),
potatoes (b), red garden beet (c), maize (d), leeks (e) and spinach (f). The maximum root number has been indicated (in cm)2).
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The rate at which the number of roots
increases after their ﬁrst appearance at a certain
depth can be deduced by comparing the line of
Tr,z,0 (ﬁrst roots) with the line of Tr,z,0.5 (root
# ¼ 0.5 cm)2). The smaller the horizontal distance
between the two lines in thermal time, the faster
the proliferation rate. For a Brussels sprouts crop
it takes approximately 400–500 C day at all
depths for Nr,z to go from 0 to 0.5 cm
)2. Usually,
rooting decreases exponentially with depth. How-
ever, in Brussels sprouts we observed a larger root
number and a faster proliferation at a depth of
100 cm than at shallower depths. This turned out
to be an experimental artifact caused by the
abrupt change at 100 cm in most Rhizolab experi-
ments from a humic sandy soil to a coarse non-
humic sand. At the end of the experiments it was
observed that no roots had penetrated this subsoil
(probably because of its much lower water con-
tent). At the boundary between the two soil types
the roots proliferated (in eﬀect, they were
deﬂected) resulting in a higher maximum root
number and proliferation here than at shallower
depths. For Brussels sprouts therefore, the
increase in root number at 100 cm has not been
indicated in Figure 3a.
For a potato crop the graph (B) shows that
increase in root number takes much less thermal
time in the upper part of the proﬁle (100 C day
for root numbers to go from 0 to 0.5 cm)2) than
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Figure 4. Thermal time after planting at ‘ﬁrst roots visible’ (Nr,z,0, d), at root number ¼ 0.5 cm)2(Nr,z,0.5, ¤), at end of linear
phase of root number increase (Nr,z,el, m) and at maximum root number observed (Nr,z,m, n) vs. depth for spring wheat (a), winter
wheat (b), fodder radish (c), ryegrass (d), ﬁeld bean (e) and lupins (f). The maximum root number has been indicated (in cm)2).
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deeper in the proﬁle (almost 700 C day). The
graph for potato also shows that the roots do
not reach a depth of 100 cm until after
1000 C day, whereas the roots of a Brussels
sprouts crop had already arrived at this depth
after 700 C days after planting.
Red garden beet (Figure 3c) needs 200 C day
before the ﬁrst roots are observed at a depth of
5 cm and another 200 C.day to go from 0 to 0.5
cm-2; at a depth of 45 cm the ﬁgures are
450 C day (ﬁrst roots) and 450 C day
(0.5 cm)2). Maize behaves similarly (Figure 3d).
In the graph for maize Tr,z,0.5 is not shown below
35 cm because the experiments were too short to
obtain suﬃcient rooting at these depths.
Leeks (Figure 3e) show a diﬀerent rooting
pattern: at 20–30 cm depth the ﬁrst roots
appeared rapidly, but above and below this
depth they appeared much later. We attribute
this to the planting depth being around 15 cm,
which was therefore the depth at which the roots
were initiated. Geotropism does not seem to have
a large inﬂuence on this crop, as the soil above
this depth is explored in an identical way to the
deeper soil. Leeks explore the depth slowly (it
takes 1000 C day before the ﬁrst roots arrive at
a depth of 80 cm and, moreover, the increase in
root number is very slow: at all depths it takes
another 1000 C day before a root number of 0.5
is achieved). In the case of leeks, the shallow
rooting characteristic in combination with low
uptake rates is especially pertinent to the loss of
nitrogen by leaching (Smit et al., 1996).
The rooting characteristics of leeks contrast
with those of spinach (Figure 3f) which shows a
relatively fast exploration of the proﬁle: the ﬁrst
roots arrive at a depth of 60 cm after only
350 C day. Down to a depth of 30 cm the root
number increases fast (only 100–150 C day from
0 to 0.5 cm)2); the short growing period of the
crop prevents rooting from intensifying deeper in
the proﬁle. The main reason nitrogen leaching
occurs when this crop is grown is that it is har-
vested in full growth, at the time that the crop
needs a large amount of nitrogen in the vicinity
of the roots. On the other hand, sometimes the
quality of the root system has been indicated as
a factor preventing a crop from using nitrogen
eﬃciently. Schenk et al. (1991) concluded that in
the case of spinach, about 80% of total root
length was in the top 15 cm of soil and less than
5% was below 30 cm; they also observed that
spinach roots were only present from 15 to
30 cm depth during the last 2 weeks before har-
vest. This is in agreement with the data from our
experiments (Table 2, Table 3 and Figure 3f).
Although the roots of this crop grow down fast
and increase in number is faster than other crops
(around 100–150 C day to go from 0 to
0.5 cm)2 in the top 30 cm), the main problem
when growing a spinach crop is that the growing
period is so short that suﬃcient roots cannot
be formed deeper in the soil. For this reason,
spinach does not qualify as an inherent shallow-
rooting crop. Nevertheless, for the purpose of
fertiliser recommendations it should be treated as
a shallow-rooting crop and the fertiliser rate
must be based on the mineral N content of the
upper soil layers. By contrast, in crops like Brus-
sels sprouts the nitrogen leached to deeper soil
layers is not lost per se.
The cereals (spring wheat, winter wheat (Fig-
ure 4a, b) and winter rye (not shown) are charac-
terised by fast downward rooting; it takes
500 C day for the ﬁrst roots to appear at a
depth of 100 cm. When the ﬁrst roots appear at
this depth, root number in the upper 60 cm of
the proﬁle already exceeds 0.5 cm)2. Winter
wheat needs more thermal time, at least accord-
ing to our data, especially for the 20–40 cm
layer.
Fodder radish (Figure 4c) roots grow down
even faster (only 400 C day to arrive at 100 cm
depth) but, in contrast, the increase in root num-
ber is slow: at each depth the calculated Tr,z,0.5
was beyond the end of the linear phase. As
already indicated, such an extrapolation probably
leads to an underestimation of the thermal time
needed.
Ryegrass (Figure 4d) roots grow downwards
much slower after sowing, but root number
increases fast, especially in the upper 30 cm of
the soil proﬁle.
Compared to the other crops we found ﬁeld
beans to have very low root numbers (Fig-
ure 4e), therefore we did not calculate Nr,z,0.5.
Field beans have been reported to have a low
root length density, which Kage (1997) suggests
could be the reason for a high residual nitrate
content in the soil proﬁle after the crop has
been harvested. At a depth of 40 cm he mea-
sured a volumetric root length density of only
380
0.05–0.10 cm)2. At this depth under the optimal
conditions of the Rhizolab the root number was
0.1–0.2 cm)2, which might correspond to a root
length density of 0.2–0.4 cm)2. Though low,
these values are higher than those Kage (1997)
reported.
Root front velocity
Figures 3 and 4 demonstrate that crops diﬀer
widely in the downward rate of rooting and in
root proliferation. The Figures also show that a
fast downward exploration of the proﬁle does
not always coincide with a fast increase in root
numbers, implying that these two rooting charac-
teristics are more or less independent of each
other. Focusing on the root front velocity, the
graphs show that with the exception of leeks, in
all crops a simple linear regression can describe
the relationship between Tr,z,0 and depth. Table 4
summarises the results of this regression, for all
crops. The leek data for depths of 5, 10 and
25 cm were excluded, for the reasons mentioned
above. The slope of the regression coeﬃcient
now gives the downward rate of the root in cm
per C day. The crops with slow downward rates
include leeks, ryegrass and common velvet grass
(despite the latter’s abundant rooting), maize and
potato. Fast rates are found for the cereal crops,
fodder radish and also spinach. In Table 4 it is
also indicated what the downward velocity of the
root front would be in a day with an average
temperature of 15 C and in a day with an aver-
age temperature of 20 C. For most crops the
rate at 15 C is between 1.5 and 2.5 cm per day.
Bland (1993) reports downward rates of root
growth of between 0.7 and 1.7 cm day)1 for cot-
ton and between 0.9 and 2.6 cm day)1 for soy-
bean, with the values depending on temperature.
Stone et al., (2001) give some data for sorghum
and sunﬂower: from 20–60 days after emergence
the rooting front depth increased by
2.5 cm day)1 in sorghum and 4.1 cm day)1 in
sunﬂower. The corresponding ﬁgures from 60 to
90 days rooting were much lower: only 0.8 and
0.6 cm day)1, respectively. For winter cereals a
better comparison with our results can be made,
as Barraclough and Leigh (1984) report a linear
relationship between accumulated thermal time
and rooting depth. They calculated a slope of
0.179 cm per C day. This corresponds with the
values of 0.176 and 0.189 we found for winter
rye and winter wheat. Masse et al. (1991)
reported a rate of only 0.12 for winter wheat.
For fodder radish Thorup Kristensen
(1993b) reported very high root front rates
Table 4. The relationship between depth (cm) and thermal time (C day) and Nr,z,0 (ﬁrst roots). Based on the slope of the regres-
sion (in cm (C day))1) the ‘‘velocity of the root front’’ was calculated for average temperatures of 15 C and 20 C
Crop Regression coeﬃcients Estimated ‘root front’ velocity in cm day)1 at
Intercept Slope r2 (%) 15 C 20 C
Alfalfa )5.6 0.125 96.3 1.9 2.5
Brussels sprouts )19.9 0.145 92.4 2.2 2.9
Common velvet grass )10.5 0.071 93.9 1.1 1.4
Field bean )25.1 0.142 95.3 2.1 2.8
Fodder radish )14.5 0.256 91.8 3.8 5.1
Leeksa 13.5 0.070 97.5 1.0 1.4
Lupins )18.0 0.157 49.4 2.4 3.1
Maize )11.3 0.100 95.7 1.5 2.0
Potato )0.4 0.101 98.1 1.5 2.0
Beetroot )29.1 0.157 97.2 2.4 3.1
Ryegrass )31.4 0.097 98.5 1.5 1.9
Spinach )15.0 0.192 97.5 2.9 3.8
Spring wheat )18.1 0.271 96.6 4.1 5.4
Winter rye 5.9 0.176 95.8 2.6 3.5
Winter wheat ) 9.3 0.189 88.0 2.8 3.8
aData for depth 5, 10 and 15 cm for leeks were excluded from the regression (see text).
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of 8.5 cm day)1 (corresponding to 0.53 cm
(C day))1. This is double the rate we found
(0.26 cm (C day))1).
Dardanelli et al. (1997) calculated apparent
rooting depth from soil water depletion curves
for several crops and derived root front velocities
for sunﬂower, soybean, maize and peanut of 4.4,
3.4, 3.0 and 2.3 cm day)1, respectively. Their rate
for maize in cm day)1 is higher than indicated in
Table 4 but this might be because temperatures
were higher in their experiments (20–24 C).
Thorup Kristensen (2001) reported that
monocot species had rooting depth penetration
rates in the range of 0.10–0.12 cm (C day))1
whereas non-legume dicots had rates between
0.15 and 0.23 cm (C day))1. He estimated that
the thermal time needed for the roots to reach a
depth of 1 m varied from 750 C day for fodder
radish to 1375 C day for Italian ryegrass. In our
data, the ﬁrst roots of fodder radish were
observed at a depth of 100 cm after 400 C day.
For ryegrass (English ryegrass, not Italian rye-
grass) the thermal time needed was 1139 C day.
These lower ﬁgures might be related to the opti-
mal conditions for root growth in the Rhizolab.
Rooting characteristics and sustainable cropping
systems
In general we are conﬁdent that the ﬁgures for
the crops we used in this study give a good indi-
cation of root growth not constrained by physi-
cal, physiological or pathogenic factors. As such
they can be useful to modellers as a basis for pre-
dicting root growth (rooting depth as well as
rooting intensity) as function of thermal time
after planting. In turn, these models could be
helpful in developing fertilisation strategies that
try to match crop-available nitrogen as closely as
possible to the crop’s nitrogen requirements both
temporarily and spatially, in order to prevent
nitrogen leaching.
Another way of reducing nitrogen losses to
groundwater and surface water is to adjust the
cropping sequence to take account of the diﬀer-
ent rooting behaviours of crops. Thorup Kristen-
sen (2002) discussed how crops with diﬀerent
rooting depths can be optimally placed in a crop-
ping sequence in combination with the use of
nitrogen catch crops. By growing deep-rooted
crops to follow crops that had left much N in
the soil in the previous year, the utilisation of the
residual N greatly improved; this illustrates the
importance of rooting characteristics.
In a paper examining the nature and impor-
tance of the dynamics of crop root growth and
the practical implications for diﬀerent (sustain-
able) cropping systems, Goss and Watson (2003)
mention other concepts in which roots play a cru-
cial role. For example, companion crops (living
mulch) that grow slowly and ﬂourish as the main
crop senesces could be selected in order to extend
the period of nutrient removal. Where the interest
is in improved soil structure, crops with root sys-
tems that provide good anchorage for the plant
will also tend to stabilise the surface soil. In gen-
eral, crops with a rapid production rate are con-
sidered valuable for improving soil structure. In
the light of these considerations, the knowledge
on rooting characteristics presented in this paper
could not only aid modellers but also those want-
ing to improve the options in cropping sequences,
nutrient use eﬃciency and plant performance to
meet the demands of sustainable agriculture.
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